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I. INTRODUCTION
Since the discovery that two magnetic layers separated by a nonmagnetic spacer can be coupled ferro-or antiferromagnetically, this phenomenon has been studied extensively, although mostly in entirely metallic systems. 1 So far, studies on interlayer exchange coupling between metallic magnetic layers separated by nonmetallic interlayers, i.e., semiconductors or insulators, are scarce. In an entirely oxidic system, Fe 3 O 4 /NiO multilayers, an indication for coupling of the magnetite ͑Fe 3 O 4 ) layers across NiO was found for thicknesses below 5 nm, which was believed to be related to the antiferromagnetism of NiO. 2 Slonczewski proposed a theoretical model according to which spin-polarized conduction electrons of semi-infinite one-or two-band metallic magnetic layers tunnel from one layer to another across a nonmagnetic insulating interlayer. 3 As a result of this spin-polarized tunneling, an effective Heisenberg-like interlayer coupling between the magnetizations of the magnetic layers across a nonmagnetic insulator was predicted. The coupling is either ferromagnetic or antiferromagnetic and the strength decreases rapidly with increasing interlayer thickness ͑quicker than exponentially͒.
The purpose of this study is to determine the interlayer coupling of magnetite layers across a spacer of MgO, which is both insulating and nonmagnetic. Samples composed of a stack of Co x Fe 3Ϫx O 4 /Fe 3 O 4 /MgO/Fe 3 O 4 layers were grown on ͑001͒ MgAl 2 O 4 single-crystal substrates. The MgO spacer layer was either of uniform thickness or in the form of a wedge. The purpose of the Co x Fe 3Ϫx O 4 base layer was to increase the coercive field of the Fe 3 O 4 layer grown on top of it with respect to the second Fe 3 O 4 layer. This enables one to distinguish the two Fe 3 O 4 layers magnetically and to quantify both ferromagnetic and antiferromagnetic coupling.
II. EXPERIMENT

A. Growth
Samples were grown using a differentially pumped UHV Balzers UMS 630 multichamber molecular beam epitaxy system ͑MBE͒ equipped with electron beam evaporators for the Fe and Co targets and a Knudsen cell for Mg. Oxygen was supplied through a ring-shaped doser located close to the substrate. Before and during the deposition, the atomic fluxes were controlled by a crossbeam quadrupole massspectrometer feedback system. The layers were deposited at a rate of 0.02Ϫ0.05 nm/s, at a substrate temperature of 500 K in an ambient oxygen atmosphere of 3 mPa. More details on the preparation can be found elsewhere. 4 Two wedge-type samples consisting of a MgO spacer deposited in the form of a wedge and one uniform sample were grown on ͑001͒ 4 . A schematic picture of the wedge-type sample described first is given in Fig. 1 . The MgO wedge was deposited such that it covered only part of the bottom bilayer. Also the top Fe 3 O 4 layers was grown on a limited part of the sample area. This sample design enabled independent investigation of the magnetic behavior of the bottom and top magnetic layers.
As we will show, the use of a ͑001͒ MgAl 2 O 4 substrate yields relaxed ferrite layers due to the large lattice mismatch of Ϫ4% between the ferrite layers and the ͑001͒ MgAl 2 O 4 substrate. No ͑001͒ MgO substrates were used, although this results in pseudomorphic growth of the multilayer ͑the lattice mismatch is only 0.3%͒ and in addition yields a higher struc-tural quality. However, the tensile strain accompanying the pseudomorphic growth is undesirable in this case because it leads to a perpendicular magnetization orientation for the Co x Fe 3Ϫx O 4 /Fe 3 O 4 bilayer due to the large negative magnetoelastic constant of Co x Fe 3Ϫx O 4 . 5, 6 The magnetization of the top Fe 3 O 4 layer will be oriented in the film plane due to the shape anisotropy. Two different preferential orientations for the magnetization of the magnetic layers would unnecessarily complicate the analysis.
In situ reflection high energy electron diffraction ͑RHEED͒ experiments indicated epitaxial growth of each individual layer. During the Co x Fe 3Ϫx O 4 and Fe 3 O 4 growth, the RHEED pattern characteristic of a reconstructed spinel structure 7 was observed. The deposition of MgO resulted in a RHEED pattern characteristic for the rocksalt structure.
X-ray diffraction measurements with the scattering vector perpendicular to the layer planes performed on the uniform sample showed a ͑001͒ texture. The measured perpendicular lattice constant of the multilayer peak was 0.840 nm. The lattice constant of the oxygen lattice of the Co 
B. Magnetic characterization
The temperature-dependent magnetic characterization of the uniform sample was performed using a SQUID magnetometer ͑Quantum Design, MPMS5͒. The wedge-type sample was investigated using the magneto-optic Kerr effect ͑MOKE͒ with a HeNe laser beam (ϭ633 nm͒ as well as a diode laser ͑Philips, CQL78440/D, ϭ784 nm͒ at room temperature. Local MOKE measurements were used to investigate the thickness dependence of the interlayer coupling in a similar fashion as done in, for example, Ref. 9 . The spot size of 175 m for the HeNe laser beam at the sample and the two wedge slopes of 0.9 and 3 nm/mm, respectively, yield a resolution of 0.16 and 0.53 nm MgO layer thickness for the wedge-type samples with maximum MgO spacer thicknesses of 8.3 and 45 nm, respectively. The MOKE studies were performed in the longitudinal geometry with the field applied along in-plane ͓110͔ and ͓100͔ directions.
C. Modeling
The sign ͑ferro or antiferro͒ and strength of coupling between two magnetic layers across a nonmagnetic interlayer can be measured by the hysteresis loop if both magnetic layers have different coercive fields. In the case of zero magnetic coupling between the two magnetic layers, a stepped hysteresis loop will be observed due to the different coercive fields of the magnetic layers. The steps correspond to the two coercive fields; see, e.g., Fig. 2 ͑solid curve͒. Coupling between the magnetic layers will result in a change of the external field at which the magnetization of each layer reverses its orientation. In the case of ͑anti͒ferromagnetic coupling, the ͑anti͒parallel alignment of the magnetization of the magnetic layers is stabilized and the field interval at which the magnetizations of the magnetic layers are antiparallel aligned ͑increases͒ decreases; see, e.g., Fig. 2 ͑dotted curve for small ferromagnetic coupling͒. The shift of the reversal fields of the magnetizations can be determined by either measuring a major hysteresis loop, in which case the reversal fields of both layers can be observed, or by measuring a minor loop which is only possible for the layer with the smallest coercive field. An example of an minor loop measurement is shown in Fig. 2 : After saturation of the magnetizations of both magnetic layers by a large negative field ͑point 1 in Fig.  2͒ , the field is increased up to a value ͑point 3͒ at which the magnetization of only one layer is reversed ͑point 2͒. Subsequently, the external field is decreased to a negative value ͑point 5͒ at which the magnetization of the layer is reversed back towards its original position ͑point 4͒. If one assumes a single magnetic domain in each magnetic layer with magnetizations only parallel or antiparallel to the applied field, analytical expressions for the exchange coupling constant, J, in terms of the reversal fields can be derived. Equating the coupling energy density (J/t) and the Zeeman energy density difference between the stepped hysteresis loops in the absence and presence of interlayer coupling, one obtains .
͑2͒
As we stated before, the expressions above hold in the case of a single magnetic domain in each layer and the magnetization of each layer ͑anti͒parallel to the applied field. The assumption of a single magnetic domain in each magnetic layer will hold if the domain wall energy of the magnetic layer is large compared to the coupling energy or if the domain wall width is larger than the thickness of the magnetic layer. The domain wall energy of magnetite is calculated to be 1.65 mJ/m 2 and the domain wall width about 65 nm at room temperature. The other assumption of an ͑anti͒parallel alignment of the magnetization to the applied field holds if the hysteresis loop is measured along an easy magnetization axis of both magnetic layers and the anisotropy of at least one magnetic layer is much larger than J/t. We will show later on that both assumptions are fulfilled in the present experiments.
III. RESULTS AND DISCUSSION
A. Uniform sample at room temperature To simplify the quantification of the exchange coupling strength using Eqs. ͑1a͒ and ͑1b͒, the magnetization measurement has to be performed along an easy magnetization axis of the magnetic layers. From the remanence of the hysteresis loops shown in Fig. 3 , it is concluded that for both magnetic layers, the ͗110͘ in-plane axes are the easy magnetization axes. The in-plane easy magnetization axes are determined by the magnetocrystalline anisotropy. to the observation, would result in an ͗100͘ in-plane easy magnetization axis. It is well known that the in-plane anisotropy of thin films can be altered at the surface ͑interface͒ of the film. The discrepancy in the magnetocrystalline anisotropy between the bulk and our MBE-grown Co-ferrite thin film might arise from an altered surface ͑interface͒ contribution. Another possible explanation for the observed discrepancy might be a difference in Co and Fe cation distributions over the octahedral and tetrahedral sites between the bulk and MBE-grown material, which could alter the magnetocrystalline anisotropy of the whole layer. 
B. Thickness dependence of the interlayer coupling
The wedge-type samples were used to investigate the exchange coupling constant at room temperature as a function of the MgO spacer thickness. Figure 4 shows characteristic hysteresis loops observed at different positions on the sample shown in Fig. 1 with the field applied along a preferential ͓110͔ direction. Figures 4͑a͒ and 4͑e͒ show the hysteresis loops obtained from the right and left sides of the sample, respectively, as shown in Fig. 1 Before proceeding with the analysis, we want to point out that the behavior of the magneto-optical properties observed for the bottom Co x Fe 3Ϫx O 4 /Fe 3 O 4 bilayer is rather anomalous. We found that the magnitude of the Kerr ellipticity of the uncovered bilayer becomes zero using a 633 nm wavelength laser. The disappearance of the Kerr ellipticity at 633 nm in the uncovered case may be explained by assuming a Kerr ellipticity for these ultrathin Fe 3 O 4 and Co x Fe 3Ϫx O 4 layers, which are equal in magnitude but opposite in sign. A wedge on top of the bilayer can alter the relative contributions of the individual layers, which in this case apparently leads to a nonzero Kerr ellipticity ͓see Figs. 4͑b͒, 4͑c͒, and 4͑d͔͒. The magnitude of the Kerr ellipticity of these materials depends strongly on the wavelength and specific chemical composition. 13, 14 This is illustrated by the fact that at ϭ784 nm the Kerr ellipticity for the uncovered bilayer was nonzero ͓Fig. 4͑e͔͒.
From Fig. 4 it appears that in the presence of the MgO wedge, the contribution to the Kerr ellipticity of the Fe 3 O 4 top layer is about twice that of the bottom bilayer. Therefore, the applied field at which the Kerr ellipticity is one-third of the saturation ellipticity in the stepped hysteresis loop is equal to the field at which the magnetization of the 21.5 nm Fe 3 O 4 top layer reverses its orientation, H r A ͑indicated by a cross in Fig. 2͒ . The results obtained for H r A in this manner are shown in the main figure of Fig. 5 for the wedge-type sample with the MgO spacer thickness varied between 0 and 8.3 nm. We checked that small variations in the magnitude of the ellipticity, at which H r A is defined, do not alter the observed thickness dependence of H r A significantly. We remark that data for H r B are not used to quantify the exchange coupling constant, because the variations in H r B are smaller than in H r A due to the large magnetic moment of the bottom bilayer, which results in a larger error in the determination of J.
Two thickness ranges corresponding to different coupling regimes can be discerned ͑Fig. 5͒. At MgO thicknesses 
nm, H r
A decreases gradually with increasing MgO spacer thickness. In this case the magnetite layers are weakly coupled and a clear field interval at which the magnetization of both magnetic layers are antiparallel aligned is observed, which enable an accurate measurement of a minor loop of the soft-magnetite layer. The minor loops measured after saturation of the magnetization of both magnetic layers by a large negative field are shifted from zero to positive applied fields implying ferromagnetic coupling. The inset of Fig. 5 shows the MgO spacer thickness dependence of the shift of the minor loop, H shift , obtained from the wedge-type sample with a maximum MgO thickness of 45 nm. The gradual decrease of H shift with increasing MgO spacer thickness implies a gradual decreasing ferromagnetic coupling. At MgO thicknesses below 1.3 nm, H r A shown rapidly increases implying a rapid increasing ferromagnetic coupling and we are apparently in a different coupling regime. Below a spacer thickness of 0.8 nm MgO, the strong ferromagnetic coupling results in a square hysteresis loop with a reversal field between the reversal fields of the decoupled The exchange coupling constant at the several MgO thicknesses can be calculated straightforwardly using Eq. ͑1a͒. For small MgO spacer thicknesses, J has been calculated from the reversal field, H r A , shown in Fig. 5 with t ϭ 21.5 nm, 0 M s ϭ 0.62T, 8 and H r0 A ϭ 18.7 kA/m. For large MgO spacer thicknesses, J has been calculated from the shift of the minor loop by replacing (H r A ϪH r0 A ) in Eq. ͑1a͒ by H shift ͑shown in the inset of Fig. 5͒ , and using t ϭ 20 nm. Figure 6 shows this thickness dependence of J for the MgO spacer thickness intervals of 0.4-1.4 and 2-45 nm ͑open and solid circles͒. Here, the solid lines represent calculations to be discussed later. The maximum value for J of 0.22 mJ/m 2 found ͑see Fig. 6͒ is an order of magnitude smaller than the domain wall energy of 1.65 mJ/m 2 and therefore one can assume a single magnetic domain in the magnetic layers, which was a first condition for the application of Eq. ͑1͒. The second condition which concerns the alignment of the moments to the applied field is apparently fulfilled since we are observing square loops. This behavior is probably induced by the large anisotropy of the bottom bilayer since a comparison of J/t and the anisotropy of the magnetite top layer indicates the same order of magnitude.
Three possible origins for the observed coupling behavior will be discussed, namely, coupling due to tunneling, ''pinholes,'' and a magnetostatic effect. The model mentioned in the introduction in which magnetic layers separated by a nonmagnetic insulator could couple either ferro-or antiferromagnetically with the coupling strength decreasing rapidly with increasing interlayer thickness 3 seems to explain the experimental data at small thicknesses of the MgO spacer. However, quantitative interpretation of the data for the thickness dependence of the coupling strength in terms of the tunneling model is difficult. The theory is based on metallic magnetic layers whereas magnetite is an oxide in which the conduction is of hopping type. Therefore, the applicability of the model using a band structure of magnetite is doubtful. Furthermore, the interpretation of the observed coupling in terms of the tunneling mechanism is also complicated by the existence of an interface region in the Fe 3 O 4 layer with a negligible electrical conductivity and an apparent loss of magnetization. 15, 16 The origin of this interface region is believed to arise from a disordered spin structure, which will influence the spin asymmetry in the tunneling probability. Although, the possibility of a tunneling mechanism giving rise to the observed ferromagnetic coupling cannot be excluded, the observation of ferromagnetic instead of antiferromagnetic coupling offers the possibility for alternative mechanisms.
It is therefore possible that the strong ferromagnetic coupling observed for low MgO spacer thicknesses could originate from pinholes due to interface roughness, which give rise to magnetic bridges through the nonmagnetic spacer. To investigate the interface roughness, STM measurements were performed on a 40 nm Fe 3 O 4 layer grown on ͑001͒ MgO. These measurements showed that the Fe 3 O 4 surface consists of terraces with a typical lateral length of several tens of nanometers. 17 Adjacent terraces were separated by single steps with a vertical height of one to four oxygen planes The small ferromagnetic coupling observed above a MgO spacer thickness of 1.3 nm may be due to ''orange peel'' type of magnetostatic coupling. This magnetostatic coupling between two magnetic layers originates from magnetic charges localized at each interface due to structural irregularities at the interface. 18 The coupling is ferromagnetic in the case the roughness of the surface at the start of MgO growth propagates to the top of the MgO layer, which produces correlated interface topography of both magnetite layers. In the case of two identical magnetic layers with a uniform magnetization rigidly directed along an easy axis and an interface roughness, , periodic in the two lateral directions x and y with period 2/p and a height variation h ͓ϭhsin(px)sin(py)͔, the coupling strength, J, is given by 18 Jϭ 1 2ͱ2
where d is the spacer thickness. The fit of Eq. ͑3͒ for J to data in the MgO interlayer thickness interval of 2-45 nm is shown by the solid line in Fig. 6͑b͒ . The roughness parameters obtained from the fit are 2/pϭ(39Ϯ2)ϫ10 nm and 2hϭ3.1Ϯ0.1 nm. The obtained ratio for the height fluctuation per length unit of 2h/(/p) ϭ 3.1/195 ϭ 0.016 Ϯ0.001 is close to the ratio of about 0.012 obtained from the estimation of the average step height ͑0.3 nm͒ and terrace length ͑25 nm͒ of the STM measurements 17 taken into account the difference between the interface roughness of the sample used for the STM study and the present samples. Therefore the small ferromagnetic coupling observed above a spacer thickness 1.3 nm MgO is consistent with magnetostatic coupling and the known interface roughness.
C. Temperature dependence of the interlayer coupling
To substantiate that the observed ferromagnetic coupling for large MgO spacer thicknesses is due to an ''orange peel'' type of magnetostatic coupling, the temperature dependence of the interlayer exchange coupling constant has been investigated for the uniform sample. Figure 7 shows the temperature dependence of the interlayer exchange coupling constant, J, obtained from minor loop measurements and the square of the magnetic moment of the sample. According to Eq. ͑3͒, the coupling strength is proportional to the square of the magnetization of the two identical magnetic layers. Figure 7 shows that the square of the magnetic moment only slightly increases with decreasing temperature, which can be expected in the temperature regime of 0-300 K for magnetic layers with relative high Curie temperatures ͑860 and 790 K for Fe 3 O 4 and CoFe 2 O 4 , respectively͒. Figure 7 shows that the temperature dependence for J and the square of the magnetic moment are within the experimental accuracy identical, which is expected for an ''orange peel'' type of magnetostatic coupling between the magnetite layers, see Eq. ͑3͒. Note that the large scatter of the exchange coupling constant in Fig. 7 is due to the relative large coercive field of the top Fe 3 O 4 layer compared to the shift of the minor loop, e.g., the coercive field is about 1000 Oe at 5 K while H shift is only 25 Oe.
IV. CONCLUSIONS
The study of interlayer coupling of magnetite layers across a MgO spacer for a thickness range 0-45 nm MgO showed that the coupling between the magnetite layers is always ferromagnetic and small at MgO thicknesses above 1.3 nm. Below 1.3 nm MgO, the ferromagnetic coupling increases drastically with decreasing MgO interlayer thickness. Reliable values for the magnitude of the coupling strength can be determined for MgO spacer thicknesses above 0.8 nm. At 0.8 nm, the exchange coupling constant is estimated to be 0.22 mJ/m 2 . Below 0.8 nm, the ferromagnetic coupling strength increases further. We suggest that coupling below MgO spacer thicknesses of 1.3 nm is dominated by ferromagnetic bridges between the magnetite layers arising from large single steps between adjacent terraces of the magnetite surface. The coupling for spacer thicknesses above 1.3 nm can be described as magnetostatic coupling due to correlated interface irregularities.
